The contribution of a particular atom in a molecule to the total X-ray scattering can be altered by varying the wavelength in the region of the absorption edge of the atom. It is shown that only the changes in the real part of the anomalous scattering of the atom provide significant changes in a pattern from a fibre containing molecules with helical symmetry. Changes due to the imaginary component are small and Friedel differences cannot be observed, owing to the fibre disorder. The information which can be obtained is equivalent to that given by a truly isomorphous heavy-atom derivative. For the general case this is not sufficient to provide unambiguous phase information. If a twofold axis is present at right angles to the fibre axis then the amplitudes are real and the phase problem can, in favourable cases, be solved.
Introduction
The use of synchrotron radiation for X-ray diffraction has led to an increased interest in exploiting its tunable properties for anomalous scattering studies. The technique has been used for protein crystallography (Phillips, Wlodawer, Goodfellow, Watenpaugh, Sieker, Jensen & Hodgson, 1977) and for solution scattering (Stuhrmann, 1980; Stuhrmann & Notbohm, 1981) . In protein crystallography the method can be very powerful as it offers the possibility of phase determination using a single sample by measuring the diffraction at different wavelengths. This is because differences can be observed between otherwise symmetry-related reflections due to the imaginary component (f") of the anomalous scattering. In addition the real component (f') can be varied as a function of wavelength. For solution scattering the information which can be obtained is much more limited owing to the spherical averaging of the scattering pattern. Only the real component of the anomalous scattering generally produces measurable differences as the wavelength is changed (Stuhrmann, 1980) . The resultant data can be analysed in terms of the extra vectors between the anomalously scattering atom and the rest of the molecule. If there are two or more identical anomalous scatterers in a large protein the distances between them cannot generally be obtained directly owing to the low contribution of the anomalous scattering to the total scatter (Stuhrmann & Notbohm, 1981) .
For fibre diffraction patterns, the information that can be obtained by anomalous scattering might, in some cases, be as great as that derived from protein crystallography. However, it is usually much less. In the discussion which follows it is assumed that a polymer with helical symmetry forms a fibre. The repeating unit of the polymer is assumed to contain one or more atoms for which the anomalous scattering varies significantly over the accessible range of X-ray wavelengths. Several cases will be discussed. The polymer may be polar, in which case the molecules are assumed to be randomly oriented up and down in the fibre ( § 2). Some polymers (e.g. DNA) have a twofold axis at right angles to the helix axis and up-down disorder does not apply ( § 3). The molecules might be randomly shifted with respect to one another along the fibre axis and randomly rotated about this axis, so that there is no correspondence between the azimuthal orientation of neighbouring molecules. In this case continuous diffraction is observed on the layer lines. Alternatively, the molecules might pack to give a three-dimensional crystalline lattice ( § 4). In this case it is assumed that the fibre consists of small crystallites which are randomly rotated with respect to one another. The fibre pattern then corresponds to a single-crystal rotation photograph. Some practical considerations in making the measurements are discussed in § 5.
The effect of an anomalous scatterer on the transform of a helical molecule is easily calculated. However, the disorder in the fibre specimen has to be taken into account when considering the effect on measured intensities. A clear distinction is therefore made between the molecular transform and the specimen intensities.
The term Friedel pairs is used to denote symmetryrelated parts of the diffraction pattern, whether in a reciprocal lattice (h, k, I and -h,-k,-l) or in reciprocal space for a fibre pattern (R, Z and -R, -Z).
Differences in intensity of these pairs will be referred to as Friedel differences.
The use of heavy-atom derivatives has not been widespread in fibre diffraction. Many of the considerations which are discussed here also apply to the analysis of data from heavy-atom derivatives, rather than from anomalous scattering data. For protein crystallography the average change in intensity due to the addition of a heavy atom has been estimated by Crick & Magdoff (1956) . A change of eight electrons (due to f') in a protein of molecular weight 24000 would give an average intensity change of 4%. Changes in intensities of this order can be measured for high-quality fibre diffraction patterns, particularly if the measurements are performed on the same specimen, as is the case with a multiwavelength experiment. Anomalous scattering techniques are therefore feasible in fibre diffraction. It is the purpose of this paper to show the information which can be obtained.
Polar molecules
Friedel differences can occur in a diffraction pattern when the corresponding projection of the structure is non-centrosymmetric. A single helical molecule, with no twofold axes at right angles to the helix axis, will, when projected onto a plane, produce a non-centrosymmetric structure. This would produce Friedel differences when one of the atoms scatters anomalously. However, polar molecules will nearly always form a fibre in which they are arranged randomly up and down in the specimen. As a result the Friedel-related parts of the transform of the molecule will overlap on the diffraction pattern given by the specimen. Friedel differences will therefore not be observed. In addition, the changes produced in the intensities by the imagi- nary component f" will be of approximately the same magnitude, but opposite sign, for the Friedel-related parts in reciprocal space. As these Friedel pairs overlap the net effect of f" on the diffraction pattern given by the specimen will be small. The real component f', however, will produce a measureable contribution. The contribution of f' and f" to the measured intensities on a fibre pattern is illustrated in Fig. 1 by an Argand diagram taken from Phillips et al. (1977) .
OA is the contribution of the molecule, AB the normal scattering by the heavy atom, BJ the f' contribution at a different wavelength and JK and JL the f" contributions for Friedel pairs. In general OA will be much larger than is shown here and averaging of the Friedel pairs OK and OL gives a good approximation to OJ (Phillips et al., 1977) . As pointed out above, the averaging of Friedel pairs occurs naturally in a fibre diagram of this sort and, as a result, only changes if f' give significant changes in the observed diffraction intensities. The intensity changes due to f' will of course depend on the direction of the heavy-atom vector AB relative to the vector OB. The expected changes due to f' and f", where these amplitudes are 10% of OB, are tabulated in Table 1 for an isolated molecule and for a fibre specimen. The contribution of f' is much larger than that for f" in a fibre specimen and, furthermore, the small f" contribution is independent of the phase. Use of the Ramachandran & Raman (1956) method to resolve phase ambiguities will not work in this case. This method relies on choosing the phase which is nearest the heavy-atom phase. The technique depends on the orthogonality of the heavy-atom vector and f". The heavy-atom vector is collinear with (i.e. has the same or opposite phase as) f' and so will not resolve any phase ambiguities with this type of data, where significant changes are only present from the f' contribution. However, the presence of a heavy atom at a different site from the anomalous scatterer would provide additional independent phasing power, provided the relative positions of the anomalous scatterer and the heavy atom could be determined.
Anomalous scattering differences in a single-crystal diffraction experiment give complementary information to that obtainable from isomorphous replacement even if Friedel differences are not recorded. This is because intensity changes due to variations in f" are at a maximum when OA and AB are orthogonal to each other, a situation in which the isomorphous differences are at a minimum. This complementary information is weaker in the case of a fibre of the type discussed here as changes in f" with wavelength produce near-zero intensity changes on the fibre diffraction pattern (Table 1) . A three-wavelength experiment in which each of f' and f" contributed significantly at only one wavelength could be considered. The small change due to f" could then be Table 1 . Intensity changes produced by an anomalous scatterer in a linear molecule as calculated from Fig. 1 f measured independently. However, this could not be used to resolve phase ambiguities resulting from the information gained where f' alone contributes despite the fact that f' and f" are orthogonal. The necessary information about the sign of the intensity changes for each one of a Friedel pair is lost in the averaging in the fibre diagram.
The above discussion assumes that only one Besselfunction term contributes to each layer line. In principle, this will always be the case for an isolated helical molecule, as there are no physical constraints that force the helical symmetry to be rational with an integer number of subunits in an integer number of turns. However, in practice, it is not possible to measure the individual terms owing to fibre disorientation. This causes the individual layer lines on the molecular transform to overlap on the diffraction pattern of the specimen, particularly at large values of R where the number of Bessel-function terms is also large. Any anomalous differences cannot therefore be assigned to a particular Bessel-function term. Additional isomorphous replacement or anomalous scattering data are then required to separate the Besselfunction terms and determine their phases (Holmes, Stubbs, Mandelkow & Gallwitz, 1975) . However, any slight layer-line splitting should be exploited as it can be combined with the information from anomalous scattering (or isomorphous replacement) in order to separate out the Bessel-function terms (Stubbs & Makowski, 1982) .
It is apparent that one anomalous scatterer is not sufficient to provide unambiguous phase information in a fibre composed of molecules of this type. The information that can be obtained is equivalent to that obtainable by a single isomorphous heavy-atom derivative. This can be very useful, as the preparation of heavy-atom derivatives of helical molecules often leads to a change in the helical parameters. One heavy-atom derivative can in principle provide unambiguous phases within a layer line but not provide phase relationships between layer lines. At each measured point along a layer line two maxima will generally occur in the phase probability distribution from one heavy-atom derivative (Blow & Crick, 1959) . Two maxima will also occur in the phase probability distribution for the adjacent measured point along the layer line. In the absence of further information there will be 2" possible phases for n measured points along a layer line. However, the phase must vary smoothly between adjacent points owing to the limited diameter of the structure. This is the minimum-wavelength principle (Bragg & Perutz, 1952) . In a favourable case, where the phase possibilities for adjacent points are linked, only two possible phase sets would be present for each layer line. These would be symmetrically related about the heavy-atom phase at each point. A map produced by use of the centroid phases (Blow & Crick, 1959 ) from a single heavy atom would therefore have twofold axes present through and between the heavy-atom positions. It would be difficult to interpret because this symmetry is not present in the helical molecule itself. The problem then reduces to one of choosing between the possible phase sets for each layer line. As there is no continuity between layer lines the minimum-wavelength principle cannot be applied to solve this problem and information from a second heavy-atom derivative is required if the data are going to be analysed using the Blow & Crick (1959) method.
If full phase determination is required from the anomalous scattering measurements then a sample with two heavy atoms which scatter anomalously at different wavelengths would have to be obtained. The data would then correspond to multiple isomorphous replacement data. The minimum-wavelength principle should still be applied in order to constrain the electron density map to be flat outside the maximum diameter of the structure. This can be done graphically (Holmes et al., 1975) or by iterative truncation of electron density maps as described by Makowski (1982) in the absence of isomorphous replacement or anomalous scattering data. Marvin & Nave (1982) used this technique for refining isomorphous replacement phases in fibre diffraction. The procedure of Bricogne (1976) was followed. An initial electron density map is obtained using the MIR method (or the equivalent with anomalous scattering data). The map is then transformed, taking only the electron density inside the maximum radius of the structure. The resultant amplitudes and phase can then be combined with the heavy-atom data to produce a new set of phases and another map calculated. The procedure is recycled, giving increasing weight to the phases from the map. If the molecular boundary can be defined more exactly than as a simple cylinder the phases can be constrained further. More success was obtained in applying maximum-entropy methods to this type of data (Bryan, Bansal, Folkhard, Nave & Marvin, 1983) . In this case it was found possible to produce an interpretable electron density map from a single heavy-atom derivative. The method might also work for anomalous scattering data from a single heavy atom.
Non-polar molecules
When there is a twofold axis at right angles to the helix axis the imaginary components in the transform are zero (Klug, Crick & Wyckoff, 1958) . In this case Friedel differences do not occur in the molecular transform. The f' term provides the main contribution to the anomalous scattering. It is collinear with the contribution from the rest of the molecule. An example of the resultant change in intensity for a single molecule can be obtained from Table 1 . These intensity changes will also occur in the diffraction pattern given by the specimen. No information is lost by the fibre disorder when the Bessel-function components can be measured independently. As only the sign of the amplitudes is to be determined there is no ambiguity in the phase determined from one anomalous scatterer (or one heavy-atom derivative). This makes the technique attractive for molecules like DNA which have a twofold axis. However, when more than one Bessel function occurs on the observed layer line, further information is required from other anomalous scatterers or heavy-atom derivatives.
Crystalline fibre patterns
The intensities measured from crystalline fibre patterns can be treated in a similar fashion to data from single crystals. However, because the crystallites will normally be oriented randomly up and down in the fibre it is again not possible to measure Friedel pairs independently. If the helical symmetry is retained (not always the case when a helical molecule packs into a crystal) then it should be exploited as it forms a powerful constraint in phase determination.
In general, only non-polar molecules will give crystalline fibre patterns because the presence of random up-down disorder prevents formation of a threedimensional lattice. In order to form a crystalline fibre, the helical symmetry will generally need to be fairly low with typically an exact axial repeat in a single turn of the helix. As an example, DNA in the B form has ten nucleotides in one turn of the helix and it is possible to make crystalline fibres of this structure. However, in the C form there are approximately 9-3 units in a single turn, and specimens of this form are less crystalline. As a result of the low helical symmetry, crystalline fibre patterns normally have more than one Bessel-function term contributing to each layer line even at quite low values of R. When only one Besselfunction term contributes, there is a simple relationship between the integrated intensity of a diffraction spot and the corresponding layer-line intensity of the molecular transform at the same value of R (Marvin, Spencer, Wilkins & Hamilton, 1961) . The data can be treated in the same way as in § § 2 or 3 but without the possibility of applying phase continuity for adjacent points along the layer line.
If more than one Bessel-function term contributes then the measured intensity for a crystalline spot is not simply the sum of intensities for each component. The interference of the Bessel-function terms is dependent on their phases. If the data are being treated without regard to the helical symmetry, two heavy-atom derivatives or anomalous scatterers would be required to give unambiguous phases as in the single-crystal case. If the helix symmetry is to be applied, the situation is a special case of the application of non-crystallographic symmetry in crystal structure determination. For the case of protein crystallography this has been done both in reciprocal space (e.g. Crowther, 1969) and in real space (Bricogne, 1976) . The latter method has been the one generally used in protein crystallography for producing an electron density map of the symmetry-averaged structure. Similar results (using less than two heavy-atom derivatives or anomalous scatterers) might be obtainable with crystalline fibre diffraction patterns, provided the helical symmetry is maintained.
Some practical considerations
A number of practical problems are present in obtaining anomalous scattering data from a fibre pattern. One advantage, however, over protein crystallography is that all the data for each wavelength can be obtained in a single exposure. It is therefore practical to obtain data at many different wavelengths in the region of an absorption edge. Strictly speaking, no new information would be gained as the change in wavelength will merely alter the contribution of the heavy-atom vector f' without changing its direction. However, the procedure will give improved statistics and a reduction in possible systematic errors. The changes in the measured intensities should follow the expected variation in f' with wavelength, and this would give added confidence to the significance of the changes. The fluorescent background might change significantly across the edge, providing another check that measurements at the correct wavelength were obtained. However, the fluorescent background provides one of the major sources of systematic error in these measurements.
A number of different types of anomalous scatterer could be used. Biological fibres do not usually contain bound heavy atoms (hemoglobin fibres are one exception). Most biological fibres contain phosphorus and sulfur atoms, however. The absorption edges of these atoms are between 5.0 and 5.8 A. Absorption effects would be severe at these wavelengths and the problems of specimen preparation and data recording need to be solved. Heavy-atom derivatives could be prepared and anomalous scattering data collected to solve the problem of non-isomorphism. Alternatively, the scattering by counter ions could be used. The problem with using counter ions is that they need not adopt the helical symmetry of the molecule. In a crystalline fibre the counter ions are likely to be responsible for forming the lattice in the first place and they probably adopt the lattice symmetry rather than the helical symmetry. Divalent counter ions might give more specific binding than monovalent ions.
Anomalous scattering is used in a number of ways in X-ray crystallography. It can be used to determine the chirality of a molecule by measuring intensity differences between Friedel pairs due to the contribution of f". This is not possible with the type of fibrous specimens discussed here, and it is not possible to determine directly the handedness of a helical molecule. Anomalous scattering is used to determine the position of an atom either from existing phases or by Patterson techniques. The radius of an anomalous scatterer in a helical molecule could be directly determinable from the equatorial data where phases can sometimes be obtained using the minimumwavelength principle (Bragg & Perutz, 1952) . Changes in intensity on other layer lines can then be used to resolve ambiguities in the helical symmetry, in a similar manner to the use of isomorphous replacement to determine the symmetry of TMV (Franklin & Holmes, 1958) . For non-crystalline patterns, helical Patterson maps (Klug, Crick & Wyckoff, 1958 ) could be calculated. They provide limited information as azimuthal information is lost, owing to the fibre disorder. For a crystalline fibre a three-dimensional Patterson map could be calculated. This would contain a lot of vectors but might be interpretable if the helical symmetry could be applied. Finally, the technique is becoming common for phasing crystallographic data either by measuring Friedel differences or by changing the wavelength. This paper shows that more limited but nevertheless useful information can be obtained in the case of fibre diffraction.
